Whereas most of what we know today about the Ras-related small GTPases of the Rab family stems from observations made on Golgi complex, endosome and plasma membrane trafficking, a subset of Rabs localizes in part or predominantly to the ER (endoplasmic reticulum). Here, Rabs such as Rab1, Rab2, Rab6 and Rab33 can regulate the anterograde and retrograde trafficking of vesicles between the Golgi complex, the ERGIC (ER-Golgi intermediate compartment) and the ER itself. However, among the ER-associated Rabs, some Rabs appear to perform roles not directly related to trafficking: these Rabs (e.g. Rab32 or Rab24) could aid proteins of the atlastin and reticulon families in determining the extent and direction of ER tubulation. In so doing, these Rabs regulate not only ER contacts with other organelles such as mitochondria, but also the formation of autophagosomes.
Introduction
The organelles of eukaryotic cells exhibit a unique protein composition consistent with the defined individual functions of these organelles. Nevertheless, trafficking and direct contacts between organelles naturally occur within cells [1, 2] . Whereas organellar contact formation is currently heavily investigated, for example in the case of mitochondria contacts [3] , cell biology and biochemistry have historically focused on the characterization of proteins and molecules that mediate interorganellar trafficking [4] . An important group of proteins that regulate secretion and intracellular trafficking are the Rab proteins, the largest subfamily of the Ras-like GTPases with at least 63 members in humans, but many more in several other organisms [5, 6] . The present review does not aim to give a global overview [7, 8] , but will rather focus on the potential and demonstrated functions of Rabs on the ER (endoplasmic reticulum).
At the ER, close to a dozen Rab proteins perform a diversity of functions (Figure 1 ), some well characterized and resembling the address tag function of Rabs of the late secretory pathway (e.g. Rab1 or Rab6A in ER-Golgi recycling) and some so far poorly understood (e.g. Rab32 for ER domain organization or Rab24 for autophagosome formation). Owing to the propensity of the ER to expand by tubule formation [9] , ER-associated Rabs may regulate the tubulation of the ER rather than vesicle budding, in particular when cargo accumulates on ER membranes [10] . This hypothesis is backed up by observations that demonstrate the role of Rabs in the homotypic fusion of ER tubules [11] . Interestingly, yeast and other fungi have lost expression of most ER-associated Rabs, consistent with their dramatically simpler ER structure, when compared with the ER found in human cells [6] .
Rab cycling (on the ER)
Rab proteins provide directionality to budding and fusion events in membrane trafficking by cyclically associating with donor and acceptor membranes ( Figure 2 ). Cytosolic GDP-bound Rab can interact with REPs (Rab escort proteins), discovered in the early 1990s as part of the Rab geranylgeranyltransferase complex [12] [13] [14] . This interaction typically occurs on non-prenylated Rabs [15] . It is only following this interaction that Rab proteins are equipped with a prenyl tail at the C-terminal end on cysteine residues that allows Rabs to insert into organellar membranes [16] . The specific organellar destination is distinct for each Rab, but, aside from the targeting of Rabs to a membrane as part of their cycling, the targeting of Rabs to their preferred organellar locations is still not fully understood [17, 18] . Although a central hypervariable domain had long been suspected to determine Rab targeting, such a hypothesis could not be fully confirmed, as shown in experiments where the respective hypervariable domains of Rab27a were unable to shift the distribution of chimaeric proteins with Rab1a, Rab2 and Rab7 [19] . Interestingly, however, the extent of prenylation can shift the intracellular distribution of Rabs. For instance, monoprenylated versions of Rab5a and Rab27a target to the ER instead of the endosomal system, where their biprenylated versions are found [20] . Similar findings have been reported for yeast Ypt1p and Sec4p [21] . In addition to the extent of prenylation, increasing evidence suggests that it is the interaction of Rabs with their effectors that determines their specific distribution to organelles. For example, the Rab9 effector TIP47 (47 kDa tail-interacting protein) determines the stability of Rab9 on endosomes and is able to shift Rab chimaeric proteins to endosomes if they contain Rab9 domains [22] .
Once on the target membrane, GEFs (guanine-nucleotideexchange factors) interact with Rabs and exchange the bound GDP for GTP [23] . Several protein families are known Rab GEFs. They comprise proteins with a DENN (differentially expressed in normal and neoplastic cells) domain that associate with Rab3, Rab35 and Rab27 on the Golgi complex, endosomes and the plasma membrane [24] . Similarly, GEFs such as Rabex-5 and proteins containing Vps9 (vacuolar protein sorting 9) domains activate a series of Rabs of the early endocytic pathway, such as Rab5 and Rab21 [25, 26] . Active Rabs then act on effectors, which mediate the Rabspecific membrane trafficking steps. A classic example for this group of proteins are the interactors of Rab5 such as EEA1 (early endosome antigen 1), Rabenosyn-5 or APPL (adaptor protein, phosphotyrosine interaction, PH domain and leucine zipper-containing) 1/APPL2, which bind to active GTP-bound Rab5, mediating docking and fusion of endosomal structures as well as the motility of endosomes [27] . Another example interaction between a Rab and its effector is shown by the interaction of GTP-bound Rab1 with p115 that results in the recruitment of p115 to COP (coatamer protein) II-coated vesicles and mediates their SNARE (soluble N-ethylmaleimide-sensitive fusion proteinattachment protein receptor)-mediated targeting to the Golgi complex [28, 29] . Thus the binding of Rabs to their effectors ensures that specific trafficking functions are completed before GTP-bound Rabs interact with GAPs (GTPaseactivating proteins). This type of interaction typically occurs at the acceptor membrane following docking of a transport vesicle. RabGAPs share a common domain, the TBC (Tre-2/Bub2/Cdc16) domain [30] . A RabGAP serves to hydrolyse GTP, which thus results in a restriction of Rab activity. For example, RabGAP-5 overexpression inactivates Rab5 that subsequently leads to a loss of the Rab5 effector EEA1 from endosomal membranes [31] .
The next step in the Rab cycle involves the recognition of GDP-bound Rab on the target membrane by GDI (guaninenucleotide-dissociation inhibitor). In contrast with the very large number of Rabs, yeast has just one GDI protein, and mammals only express brain-specific GDIα and ubiquitous GDIβ [32] . GDI binds to Rab proteins on their highly conserved switch regions that change shape depending on the GTP/GDP-binding state [33] , when Rabs are mono-or diprenylated. Through this interaction, GDI can extract prenylated Rabs from their target membrane [15] . At this point, in principle, Rabs could also bind to REPs, but the extent of binding between the two is determined by the extent of Mono-or di-prenylated (?) Rabs insert into the ER membrane, where they interact with GDFs (PRA-2, Yop1) and subsequently with an effector that promotes budding or tubulation from ER membranes. Acceptor membranes (e.g. Golgi complex, autophagosome, lipid droplets or potentially mitochondria and the ER itself) accommodate GTP hydrolysis, but their precise identity is often not known for ER-associated Rabs. RabGGT, Rab geranylgeranyltransferase. For details, see the text. prenylation, with cycling Rabs typically being diprenylated and hence binding preferentially to GDIs rather than REPs, which prefer non-or mono-prenylated Rabs and promotes their binding to geranylgeranyltransferase [34] . Subsequently, GDFs (GDI-displacement factors) promote the release of Rabs from GDI. PRAs (prenylated Rab-acceptor proteins) are GDFs and bind to the prenylated Rab-GDI complex, promoting the extraction of the Rab and its delivery on to membranes [35] . PRA-1, the human homologue of yeast Yip3p, localizes to the Golgi complex and endosomes, whereas PRA-2 is an ER protein [36] . Intriguingly, Yip2/Yop1, known to reside on the ER, is a mediator of ER tubulation [37, 38] . The function of Yip family proteins in the targeting of Rabs has been reviewed extensively [18] . Although these latter findings suggest a dichotomy between Rab functions on the endosomal/Golgi system and the ER, such a hypothesis has so far not been tested.
Rab proteins regulate ER-Golgi trafficking
ER-Golgi trafficking has long been recognized as regulated by Rabs. As early as 1989, the yeast Rab Ypt1p has been identified as a factor required for transport to the Golgi complex [39] . Ypt1p is 70-80% identical with Rab1a and Rab1b [40] and all three localize to ERESs (ER exit sites) [41, 42] . Rab1a/Rab1b interact with their effectors such as GBF1 (Golgi-specific brefeldin A-resistance guanine-nucleotide-exchange factor 1) [43] . This interaction is important for the COPI-mediated retrieval to the ER. Moreover, Rab1b also interacts with GM130 (cisGolgi matrix protein of 130 kDa) and giantin [44] . These interactions promote the fusion of ER-derived vesicles at the cis-Golgi complex, functions typically associated with the family of golgins, which are coiled-coil proteins [29] . Rab1 also interacts with Rab GDI, an interaction which blocks ER-Golgi transport [45] . The function of Rab1 in ER-Golgi trafficking is controlled further by the activity of the Rab1 GAP TBC1D20 (TBC1 domain protein member 20), localized on the ER [46] . Interestingly, overexpression of TBC1D20 causes a collapse of the Golgi back to the ER, a phenomenon that can be counteracted by reticulon-1 overexpression. Reticulons are a family of transmembrane proteins that promote the curvature of ER membranes by transforming sheet-like ER (as found on the rough ER or the nuclear envelope) into tubular smooth ER [47] . Whether reticulon-1 is involved in the tubule formation upon cargo accumulation at ERES [10] is currently unclear. Together, these findings suggest that a proper ER domain formation is required for the docking of Golgi-derived vesicles at the ER.
COPI-and COPII-coated vesicles originate at ERESs and the ERGIC (ER-Golgi intermediate compartment) and require the action of TRAPP (transport protein particle) complexes. These multimeric complexes act as a GEF for yeast Ypt1p and mammalian Rab1 proteins [48] . Whereas in yeast, TRAPP mediates the direct fusion of ER-derived vesicles at the cis-Golgi, in mammalian cells, TRAPP catalyses the assembly of ER-derived vesicles in VTCs (vesicular tubular clusters). Together with TRAPPI, Rab1 also specifically regulates the formation of COPII-coated vesicles at the ERESs [49] .
Like Rab1, Rab2 also interacts with GM130 and additionally with golgin-45 that performs a similar function at the medial Golgi [50] . Another parallel to the functions of Rab1 is that Rab2 can promote the recruitment of COPI with the help of its effector PKCι/λ (protein kinase Cι/λ) [51] . However, in contrast with Rab1, which mostly promotes anterograde transport, Rab2 plays a more prominent role in retrograde trafficking from the ERGIC back to the ER [52] . Since the central function of Rab1 and Rab2 as regulators of the bidirectional trafficking between the ER and the Golgi complex critically depends on calcium [53] , it is tempting to speculate that ER-mediated calcium handling could play a major role in the regulation of ER-Golgi trafficking as it does in the apposition of the ER with mitochondria [54] .
Additionally, a less-characterized group of diverse Rabs (Rab18, Rab30 and Rab43) also regulates trafficking between the ER and the Golgi complex. Two of these, Rab18 and Rab43, were identified in independent proteomics screens in 2007 [46] and 2008 [55] . Rab43 appears to be particularly important, since its inactivation leads to a complete redistribution of Golgi proteins to ERES [55] . Rab43 is thus critical for the maintenance of the Golgi complex, although its inactivation does not block secretion. The association of Rab43 with ER-Golgi trafficking is also underscored by its role in the assembly of herpes simplex virus [56] . The role of Rab18 is more complex, since it appears to influence COPI-independent trafficking from the Golgi to the ER only. However, Rab18 localizes more to the ER than Rab43 [55] and performs additional functions at this organelle (see below). It is currently unclear how the extent of ER localization of Rab18 compares with the one of Rab30, which shows a minor amount on the ER, in addition to more prominent Golgi staining, when examined by immunofluorescence [57] . This Rab appears to be mostly important for Golgi structure, but not for ER-Golgi trafficking [57] .
One of the best-characterized Rabs regulating ER-Golgi trafficking is Rab6. Humans express three Rab6 isoforms: whereas Rab6B is preferentially expressed in the brain and mediates retrograde transport in neurons [58] , active Rab6A and Rab6A both stimulate trafficking of Golgi-localized galactosyltransferase back to the ER and disperse the Golgi complex. However, it is only depletion or inactivation of Rab6A that blocks COPI-independent retrograde transport of Shiga toxin from the Golgi complex to the ER [59, 60] . Proteomic findings that compared the Golgi and ER localization of Rab1, Rab2 and Rab6 indicate that Rab6 is overall more associated with the Golgi than Rab1 or Rab2, suggesting that Rab6 works upstream in this retrograde pathway [61] . At the Golgi complex, Rab6 can bind to giantin, a transmembrane coiled-coil protein and mediator of the tethering of COPI-and COPII-coated vesicles [62] . Following this interaction, Rab6 recruits myosin II that mediates fission and formation of an ER-destined transport vesicle [63] . Rab6 can apparently work in conjunction with Rab33b, which utilizes rabaptin-5, rabex-5 and GM130 as effectors for Golgi-ER retrograde transport [64, 65] . This suggests that multiple parallel pathways, possibly with multiple steps, each with their specific Rab, mediate the retrograde trafficking from the Golgi complex to the ER, in particular in animal cell systems.
Rab6 is one example of ER-Golgi trafficking mediators that also influence the ER folding environment: Golgi-ER retrograde transport may be increased upon ER stress and in stressed neurons of Alzheimer's patients, since Rab6 shows increased expression under these conditions [66] . This observation is in line with the observation that ER-Golgi trafficking mediated by COPII is required for ERAD (ERassociated degradation) of ER quality control substrates [67] . Moreover, the promotion of ER-Golgi trafficking by increased expression of Rab1 can alleviate α-synuclein toxicity that normally blocks this transport route [68, 69] , thus collectively suggesting that ER stress results in an increased retrograde transport to the ER, mediated by Rab6, and that a boost of ER export by Rab1 reduces ER stress [70] .
Other functions of Rab proteins on the ER
The last decade has seen the emergence of an additional group of Rabs that are associated with the ER (Figure 1) . Much less is known about these Rabs, since they seem not to be involved in vesicular transport. Instead, one or more ER-associated Rabs could mediate the tubulation or homotypic fusion of ER structures, since in vitro incubation of ER microsomes had shown that one or more Rabs regulate this mechanism [11] . It is currently unclear whether human Rab5 could play a role in this, since it has been suggested that Caenorhabditis elegans Rab5, together with reticulons, promotes tubulation of ER membranes in vitro [71] . Besides determining its overall structure, the extent of ER tubulation determines ER-Golgi trafficking [72] , ER-mitochondria interaction at the MAM (mitochondria-associated membrane) [73, 74] , the formation of autophagosomes [75] and probably also the tubulation of peroxisomal precursors [76] , as well as the formation of lipid droplets [9] . A couple of ER-associated Rabs have been associated with these functions, such as Rab32 that regulates the interaction of the ER with mitochondria [77] or Rab7 that performs a similar function for the interaction of the ER with late endosomes [78] .
Among the ER-associated Rabs, Rab32 is one example of a Rab that is not restricted to the ER, but is also found on organelles of the endosomal system. Specifically, Rab32 also controls post-Golgi trafficking of melanosomal enzymes [79, 80] . We currently do not know how Rab32 can target and function at such diverse locations, but since Rab32 is ubiquitous [81] , its functions could simply extend to the melanosome in the case of melanocytes, whereas they are more restricted in cells that lack melanosomes. Rab32 had originally been described as an AKAP (A-kinase-anchoring protein) that causes mitochondria to fuse and cluster around the nucleus [82] . In part, this effect stems from the ability of Rab32 to regulate localization and phosphorylation of Drp1 (dynamin-related protein 1) [77] , a GTPase that localizes to the MAM and constricts mitochondria [83] . Moreover, our laboratory has shown that Rab32 also promotes the translocation of calnexin from the perinuclear MAM to the peripheral ER [77] . Upon cytomegalovirus infection, Rab32 becomes enriched on the MAM [84] . Through a combination of these functions, Rab32 regulates cellular calcium signalling and apoptosis onset [77] . Consistent with the hypothesis that ER-associated Rabs regulate ER tubulation, the Rab32 Drosophila homologue RabRP1 (Rab-related protein 1) also affects the size of lipid droplets and is required for autophagy [77, 85] . These findings collectively implicate Rab32 and other ER-associated Rabs in the control of cellular physiology and cell survival.
Not as much is known about other ER-associated Rabs. Whereas Rab38 had originally been identified as ER-localized [86] , it appears to function on melanosomal trafficking [79] . The evidence for ER localization of Rab39a is circumstantial, since it binds caspase 1 and promotes the formation of the inflammasome [87] , which occurs on the MAM [88] . Rab18 is another partially ER-localized Rab that can increase the apposition of lipid droplets to the ER, from where they originate [89] . When it is overexpressed, Rab18 also reduces the localization of ADRP (adipose-differentiation-related protein), but not of TIP47 to lipid droplets, suggesting that it may promote retrograde tubulation from lipid droplets towards the ER [90] . Through these functions, Rab18 is an important insulin-dependent regulator of lipolysis and lipogenesis [91] .
One of the better-characterized ER-associated Rabs is Rab24. Already in the early 1990s, it had been found on the ER [92] . Consistent with the idea that the extent of prenylation could determine the association of Rabs with the ER [20] , Rab24 is indeed monoprenylated [93] . Interestingly, upon cellular starvation, Rab24 co-localizes with autophagosomes in an N-ethylmaleimide-dependent manner, suggesting an involvement of SNARE proteins [94] . Moreover, overexpression of Rab24 promotes the formation of autophagosomes, suggesting that this Rab promotes the formation of autophagosome precursors at the ER. Other Rabs also regulate the formation of autophagosomes at the ER [95] in addition to Rab24 and Rab32 [96] : the ER-Golgi trafficking regulator Rab1a/Rab1b was found to localize in part to autophagosomes and to be required for bacteria autophagy [97, 98] . Conversely, Rab33 binds to Atg16L, but inhibits autophagosome formation [99, 100] .
Future research on ER-associated Rabs will certainly lead to a more comprehensive overview of these and other novel functions of Rabs on the ER. Curiously, all of the Rabs associated with the ER proper (Rab18, Rab24, Rab32, Rab38 and Rab39a) are not found in yeast that has Rab1 and Rab2 only [6] . This suggests that the group of ERassociated Rabs performs a so-far uncharacterized function that is not needed in this organism. Some preliminary insight comes from the interaction of ER Rabs with effectors: Rab24 and Rab32 interact with their effectors CtBP1 (C-terminal binding protein 1) and PKA (cAMP-dependent protein kinase) respectively [82, 101] , both probably involved in the fission of ER tubules [77, 102] . This again highlights the putative role of ER Rabs in the shaping of the ER, possibly its tubulation, and thus demonstrates that ER-associated Rabs, in contrast with previous theories, are well involved in ER biogenesis and not just passive bystanders.
